ABSTRACT
INTRODUCTION
An ageing model provides a lot of information. It supplies the user with information about the number of the installed equipment and the age distribution of a grid. Furthermore, it simplifies the cost assessment and the amortisation of the assets. The target of the model is the determination of the age distribution of a fleet of equipment as well as the evaluation of maintenance costs comprising human resources and financial expenditures. This means that the asset simulation can be used to determine the best maintenance strategy and therefore to calculate the capital expenditures (CAPEX) and the operational expenditures (OPEX). In addition, the capacity of staff and the personal expenses can be determined. This ageing model is accomplished for the following five different pieces of equipment and several types of each piece of equipment: circuit-breakers, disconnectors, instrument transformers, transformers and overhead power transmission lines. The model is implemented with a simulation software called Powersim Studio ® . Simulations in Powersim Studio are based on system dynamics, which is a computer based simulation modelling methology. The idea of system dynamics was developed by Jay W. Forrester [1] . The use of system dynamic simulations allow the asset manager to see not just events, but also patterns of behaviour over time, because it "is the study of information feedback characteristics of industrial activities to show how organizational structure amplification and time delays (in decisions and actions) interact to influence the success of the enterprise" [2] . It mirrors the reality in a model and displays the interactions between flows of information, money, orders, materials as well as personnel and capital equipment in a company, an industry or a national economy [2] . These are very useful options because the knowledge about the behaviour of equipment over its lifetime is of vital importance for the operator of the plant or the asset manager, respectively. For the estimation of the total condition of pieces of equipment, two different data are required. The first one is the importance of the elements in the entire system, e. g. the influence of the elements in the case of failures. The second one is the condition of the assets, which is determined on the base of different criteria. These criteria can be divided into the following groups: master data (type, location etc.), age-related data (age, know-how, replacement parts etc.), operating data (temperature, operating cycle etc.), financial data (maintenance costs etc.) and technical data (corrosion, wear etc.).
To transfer the condition of the assets into the ageing model a condition assessment of the assets is required. Fig. 1 shows exemplary the conditions of three different circuit-breaker types. In this case a value of zero represents a good condition and a value of 100 mirrors a bad condition. Therefore, it is possible that circuit-breakers with the same condition value have different ages or vice versa.
The black line in Fig. 1 is a frequency polygon through the circuit-breakers with the best condition values. These elements are not artificially aged, but all circuit-breakers above this line behave older, than they really are. The artificial age can be seen from the chart by using a horizontal line through the coordinate of the circuit-breaker until the frequency polygon is cut. An example can be seen in Fig. 1 . The chosen minimum oil circuit-breaker has the condition value 37 and a real age of 25 years, but an artificial age of 27 years. The information about the condition or the real and artificial age, respectively can be assigned into an ageing model. Therefore a model with different condition states is required which range from a very good to a very poor condition. Fig. 2 shows an exemplary ageing model with five condition states (Z1 to Z5) in which the assets have to be allocated. To simulate the characteristics of a whole grid, in a first step a general ageing model is needed, which can be adapted to the different attributes of the equipment in a further step. In the following chapter the elements of the ageing model and their basic conditions will be illustrated.
MODEL
A system dynamics model is made up of five different components, which are specified in the following. Levels represented as rectangles are states in a diagram that change over time. They are variables with a memory and their values are determined by accumulation of the flows that are connected to the level. Links and flows are represented as arrows and double arrows, respectively and are diagram objects that connect variables in a diagram. They convey information from one variable to another. Flows connect levels and represent quantities transported between them. A link provides a variable as a parameter to the variable at the end of the link. Auxiliaries are represented as circles and combine and reformulate information as it passes through the system. They have no memory and are calculated once every time step by their defining expressions. Constants are displayed as rhombi represent information that is not changed during the simulation, but they can be changed by the user through input controls. They are often used to identify and quantify the boundaries of the model and to represent decision parameters [3] . The ageing model depends on two factors: The first one is the age of the equipment and the second one is the global transition rate ( i µ ) between two condition states.
The transition rate effectively consists of two different transition rates: One transition rate which considers the technical condition depending on time and one which incorporates service, know-how and the operating resources. These transition rates were calculated according to the condition assessment. Like aforementioned this ageing model has five condition states (Z1 to Z5), the first one is shown in detail and the others are combined to a rectangle, which are pictured in Fig. 3 . The number and residence time of the condition states depend on the type of the equipment. Apart from this, each of the condition states has a different residence time. The coherence between these two, which is based on the bathtub curve and were evaluated by engineers' experience, is shown in Tab. 1. The last condition state has no residence time, because every piece of equipment has to leave the model and therefore the chain after the maximum life cycle of 40 years. Apart from this, the levels in each condition state are shown, which will be elaborated later on. The aforementioned bathtub curve is a hazard function and describes the expected failure rate of electrical equipment with time: initially high, dropping to near zero for most of the system's lifetime, then rising again as it retires [4] . The already discussed time horizon of 40 years in this simulation model relates to the time period of the bathtub curve and consequently to the sum of the residence times in the five condition states. The yearly new installations of assets are predetermined by an external source and form the input of the first level, which is displayed as a rectangle in Fig. 3 . The levels are numbered from one to the end of the useful lifetime, which is 40 years in this case. After the first year, all elements which were in level 1 are transmitted into the second level. So every year a percentage of the equipment of each condition has to transit into the next condition state. In this case, it is determined that the pieces of equipment which have already reached the maximum residence time have to leave their state and are classified into the first position of the following condition state. This corresponds for example to level 6 in condition state Z2 in Fig. 3 . This leads to the certainty that each piece of equipment can only stay for one year in a level of a condition state, and after that year, it has to pass into a worse condition. The number of elements which have to go to a new condition state must be calculated each year. Therefore three parameters are necessary:
• sum of all elements in one condition state ( Ei S one condition state to the next one. To get this information, the transition rate of each condition state has to be multiplied with the number of elements in the condition state ( i Z ). This is shown in equation (1).
i : Number of condition state. j : Number of level in a condition state.
In a further step, the result from equation (1) and the number of those pieces of equipment which have received the maximum residence time ( 
In the first condition state, the real age of each piece of equipment corresponds to the allocated age group. But after the first transition, a decoupling occurs between these two terms. The first age group of the second condition state (Z2) is level 6, so the elements should be six years old, but in reality the age ranges from two to six years. This means that some elements are artificially aged. This is based on the occurrence that, in some cases, elements leave their condition state without reaching the maximum residence time.
The problem can be solved by using two different vectors in each level, one for pieces of equipment with an age corresponding to the age group und another vector for the artificially aged ones. With this method, information about both the real and artificial age are available. The described procedure, which is repeated every year, is shown in the flowchart of Fig. 4 . 
SIMULATION RESULTS
In the initial point, the model is not filled with pieces of equipment. All vectors are set to zero. Only the transition rates ( i µ ) must be established. In this case, the transition rates, which were shown in Fig. 3 S has its origin in the fourth year. All assets which can be seen in this curve in the fourth and fifth year are artificially aged elements because the not artificially aged devices can leave the first condition state earliest after five years and therefore reach the second one in the sixth year (see Tab. 1). After 2011 the curve arises continuously without big oscillations because the values are composed of many elements, so that they balance each other. By studying the different age courses within a level, the advantage of classification in real and artificial age becomes obvious. The evaluation opportunities are much better. Fig. 6 displays the different curve progressions of level 6. The curve shape of sum of level 6 shows the accumulated number of all pieces of equipment which are in level 6 independent from their real age. The age ranges between two and six years. The curve starts in the second year of the simulation without giving any information about its composition. Regarding the curve shape of each age class, the composition of level 6 becomes obvious. Most assets have reached the real age of six years. This curve starts in the sixth year because of the residence time of condition state one. Elements which are aged artificially influence the curve shape of level 6 from the second year. Elements which are two years old are quite rare (see level 6 aged 4 years). All these data are important for a subsequent consideration of the amortisation and the cost assessment. As a last step, the curve progressions of the four condition states, which are shown in Fig. 7 , will be described. The curve of the first condition state (Z1) starts obviously in the first year and is followed by the second condition state one year later. The third condition state has its initial point in 2020 and the fourth in 2030. After five years, the curve progression of Z1 has a nearly constant value. This is due to the fact that every year the new installations have a direct influence on the first condition state. So there is a nearly constant inflow every year. In spite of the pieces of equipment which leave the condition state before the maximum residence time, a constant level can be kept. Z1 never reaches values greater than 145 because the maximum residence time of the first condition state is limited to five years. The last condition state has the same behaviour. The differences are the initial point and the course, because of the time delay between the first artificially aged assets which influence Z4 and the not prematurely aged ones. The curve progression of Z2 reaches the greatest values, because the residence time of condition state two is longer than the residence time of the other condition states. The initial point of this condition state is the second year of the simulation. Thereafter a rising characteristic can be monitored. The course keeps on rising until all vector positions are filled with values. Z3 shows the same behaviour, just the initial point and the values are different, because of the different residence times. 
CONCLUSIONS
The model provides information about the condition state of the equipment. The knowledge of the future consumption of electricity, the number of the installed equipment and the age of the equipment helps the asset manager to make decisions for substitutions or development of equipment in a grid. The differentiation in real and artificial age has several additional benefits. It is of big interest for the calculation of profitability and the cost assessment. Apart from this it is needed to determine the proper amortisation, which is a obligation by law. Furthermore, the knowledge of the condition of pieces of equipment is essential for the asset manager. On the one hand the asset manager has information about the condition of the used pieces of equipment in his grid and on the other hand he receives information about the characteristics of the different types of operational equipment. So he improves his know-how for further decisions. The next advantage of the ageing model is the possibility to combine different pieces of equipment in one model and simulate a whole grid. Thereby, the problems which occur over the lifetime of the installation units can be recognized and may be avoided. Apart from this, the yearly alteration from one condition state to another or within a condition state in consecutive years can be investigated. Until now, the model is not filled with values in the initial point, so the development of the pieces of equipment from the time of new installation until the time the asset has to leave the model, after 40 years at the latest, can be observed. Padding the model with values from the beginning allows simulating a lifelike reproduction of the reality.
